Abstract. Collision strengths and maxwellian-averaged rate coefficients have been calculated for 8771 nonvanishing transitions among 140 fine structure levels, dominated by the configurations 3d 5 , 3d 4 4s, and 3d 4 4p in Fe IV. Collision strengths are calculated using the Rmatrix method with a 49 term close-coupling target expansion for electron energies up to 15 rydbergs. Rate coefficients are tabulated for a wide range of temperatures in which Fe IV is abundant in plasma sources. A brief discussion of the calculations and sample results are given. The present rates for Fe IV are expected to find applications in spectral diagnostics of a variety of astrophysical sources.
Introduction
Fe IV emission lines are observed in stellar sources, such as hot stars and white dwarfs, (Penston et al. 1983 and Holberg et al. 1994; Vennes et al. 1995) . Becker & Butler (1995) have modeled non-LTE line formation for Fe IV and synthesized the predominantly UV spectra from hot subdwarfs. According to photoionization models Fe IV is expected to be a dominant ionization stage of iron in nebulae (e.g. Baldwin et al. 1991 and Rubin et al. 1991) . However, the Fe IV spectra from H II regions remained elusive until the recent HST observations of the Orion nebula by Rubin et al. (1997) , who reported the first detection Send offprint requests to: H.L. Zhang Table 3 for complete data for Fe IV is only available in electronic form at the CDS via anonymous to ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.ustrasbg.fr/Abstract.html of Fe IV in the UV [Fe IV] lines at 2836.56Å arising from the transition 3d 5 4 P 5/2 → 3d 5 6 S 5/2 , and the blend of λλ2568.4, 2568.2Å due to 3d 5 4 D 5/2,3/2 → 3d 5 6 S 5/2 . From the [Fe IV] lines and the predicted fluxes from photoionization models, they derive an iron depletion in Orion, relative to solar, of up to factors of 70 − 200. This appears to be excessive; Rubin et al. (1997) suggest the need for improved modeling and a reexamination of the atomic data, especially the electron impact excitation collision strengths used in the analysis.
The only earlier published work on electron impact excitation collision strengths of Fe IV is by in Paper XII of this series on the Vanadiumlike ions. They included the five lowest sextet and quartet LS terms 3d 5 ( 6 S, 4 G, 4 P, 4 D, 4 F) in a non-relativistic (NR) calculation, and used algebraic recoupling to obtain excitation rate coefficients for transitions between the 12 fine structure levels of the first four terms.
In our earlier study on Fe III (Zhang & Pradhan 1995a) using the NR and Breit-Pauli (BP) close-coupling R-matrix methods, we concluded that the relativistic effects are small for the forbidden transitions between the low-lying levels, and that the resonances and the coupling effects arising from a large coupled-channel wavefunction expansion dominate the collision strengths. Therefore, as described in Zhang (1996, Paper XVIII), we carried out an 83CC NR calculations for Fe III, neglecting the relativistic intermediate coupling effects. Fine-structure collision strengths were then obtained from the LS coupling data by algebraic recoupling using the code STGFJ.
Similarly, for Fe IV we expect the relativistic effects to be small, especially for the forbidden transitions from the ground level to the low-lying even parity levels since there is no fine-structure splitting for the ground term 3d 5 6 S. Before carrying out a large-scale calculation, we made test calculations with the BP R-matrix method using a 16-level target expansion (corresponding to the above five terms) and obtained results similar to those in Paper XII by Berrington & Pelan (1996) . These BP calculations, albeit with a small target expansion, showed that the relativistic effects are indeed not important for Fe IV, and also provided the basis for the present calculations, which are much more extensive than those reported earlier in the IP series. Therefore, we have carried out the calculation for Fe IV with a 49-term target expansion (49 CC) using the NR R-matrix method in the close-coupling approximation. Again, the algebraic recoupling method was used to obtain results for a large number of fine-structure transitions. The maxwellian-averaged rate coefficients or effective collision strengths are calculated and tabulated over the temperature range in which Fe IV is most abundant in astrophysical sources. A brief description of the computations and the results are given in the following sections.
The present work is part of an international collaboration known as the IRON Project (Hummer et al. 1993 , referred to as Paper I) to obtain accurate electronimpact excitation rates for fine-structure transitions in atomic ions. A full list of the papers in this Atomic Data from the IRON Project series published to-date is given in the references. A complete list of papers including those in press can be found at http://www.am.qub.uk/projects/iron/papers/, where abstracts are also given for each paper. Information on other works by the present authors and their collaborators, including photoionization and recombination of ions of iron and other elements, can be found at http://wwwastronomy.mps.ohio-state.edu/∼pradhan/.
Atomic calculations
The target expansion for the present calculations, used earlier in Paper XVII (Nahar & Pradhan 1996) for the radiative work for Fe III, consists of 49 LS-terms dominated by the configurations 3d 5 , 3d 4 4s and 3d 4 4p. The 140 fine structure levels of these 49 terms, and their observed energies (Sugar & Corliss 1985) , are listed in Table 1 . This table also provides the key to the level indices used to identify the transitions in tabulating the maxwellian-averaged collision strengths.
In the present work, as in our earlier Papers III, VI and XVIII, the reactance matrix (the K-matrix) is first calculated and used to evaluate the collision strengths. In the NR algebraic recoupling approach, the K-matrices are obtained as usual by the different stages of the Rmatrix package in LS coupling. The K-matrices are subsequently transformed from LS coupling to pair coupling (Eissner et al. 1974) , using the STGFJ code (Luo & Pradhan 1990; Zhang & Pradhan 1995a) , which is an extension of the asymptotic region code, STGF, of the R-matrix codes (Hummer et al. 1993 ). The collision strengths were calculated for a large number of electron energies ranging from 0 to 15 rydbergs. The energy range is carefully chosen in order to obtain detailed collision strengths in the region where they are dominated by resonances, as well as in an extended region where resonances are not important or have not been included, but which are necessary to obtain accurate maxwellianaveraged rate coefficients, particularly for dipole allowed transitions.
In order to delineate the resonance structures, an effective quantum number mesh (ν-mesh) was used to obtain the collision strengths at 5604 energy points in the range E = 0 − 1.789 rydbergs. The ν-mesh ensures equal sampling of resonances in each interval (ν, ν + 1), where ν(E) = z/ (E − E t ) and E t is the energy of the particular target threshold to which the resonance series converges. In the energy region E > 1.789 rydbergs, the collision strengths were calculated for 20 additional energies up to 15 rydbergs. It is impractical to carry through the calculation of collision strengths at an even larger number of energies, as the number of scattering channels increases across higher target thresholds. The calculations are therefore optimised to obtain extensive delineation of resonances for the collision strengths for forbidden transitions in the low energy region that contributes predominantly to the maxwellian rate coefficient. For the optically allowed transitions, the dominant contribution arises from higher partial waves and in higher energy regions since Ω ∼ ln( ); here, however, resonances are relatively less important.
We include partial wave contributions from total angular momenta of the electron plus target system J = 0 − 11 (where J = L + S; L and S are total orbital and spin angular momenta). The corresponding SL's, for both even and odd parities, are 0
These should be sufficient to ensure convergence for the non-optically allowed transitions. As in the Fe II (Paper III) and Fe III (Paper XVIII) work, the CoulombBethe approximation was employed to account for the large contributions to the collision strengths for optically allowed transitions at energies greater than 1.789 rydbergs. The electric dipole line strengths required for the Coulomb-Bethe approximation were derived from the Opacity Project database TOPbase (Cunto et al. 1992 ). The oscillator strengths in the TOPbase were transformed to line strengths in LS coupling and then algebraically recoupled to obtain fine structure values using a code by Sultana Nahar.
Results
We present a small sample of the collision strengths and compare the maxwellian-averaged collision strengths from the present 49-term calculation with those from the 16-level BP calculation and those by Berrington & Pelan (Paper XII); all non-vanishing maxwellian-averaged collision strengths are given in Table 3 , located in a computer file available on request. Figure 1 shows a comparison of the collision strengths for the transitions from the ground level 3d 5 6 S 3/2 to 3d 5 4 G 11/2 , 3d 5 4 P 5/2 and 3d 5 4 D 7/2 from the 49CC NR calculations (left) and from the 16-level BP calculation (right). The panels on the right are on smaller energy scales to reveal the detailed resonance structures obtained with a finer energy mesh in the BP calculation. It should be mentioned that similar detailed resonance structures would also be obtained for the 49CC case as for the BP case if a finer energy mesh had been used for the energy range 0 to 0.5 Ryd. However, this does not significantly affect the rate coefficients, except for a slight loss of . As mentioned earlier, the Coulomb-Bethe approximation was employed to estimate the contributions by higher partial waves. It is clear from this figure that relative resonance contributions are not as strong as in the forbidden transitions and that the rate coefficients are dominated by the high energy region where the collision strength has the Bethe asymptotic behavior, Ω ∼ ln( ).
The procedure for obtaining maxwellian-averaged collision strengths or effective collision strengths can be found in earlier publications in this series (e.g. see Papers I, VI or XVIII). In Table 2 we compare the present results (49CC) for some transitions at two temperatures, 3981 K and 39811 K, with those from our 16-level BP calculation (BP) and from Berrington & Pelan (1995, Paper XII) . In this table, the BP results are quite close to those in Paper XII, indicating that the relativistic effects are not important for these transitions, while the 49CC results are generally larger than the above two entries, indicating large enhancements due to resonance and coupling effects.
The maxwellian-averaged collision strengths were calculated for all 8771 non-vanishing transitions between the 140 energy levels shown in Table 1 , for 20 temperatures ranging from 2000 to 500000 K. The entire dataset of effective collision strengths in the above temperature range is tabulated in Table 3 . It is noted that collision strengths for some of the transitions vanish due to a restriction on the quantum numbers of the initial and final levels, such as, for example, the large spin-change transitions between sextets and doublets. These are not included in Table 3.  Table 3 is available only in electronic form from the CDS or via ftp from the authors at: zhang@payne.mps.ohiostate.edu.
Discussion and conclusion
In this section we estimate the accuracy of our results.
The fine ν−mesh below E = 1.789 Ry, for excitation to the lower-lying, even-parity levels, fully resolves the important resonance features associated with the sextet and quartet odd-parity levels up to the 4 F
• J levels. Therefore, rate coefficients for this type of transitions should be highly accurate, ≈ 10 − 20%. For optically allowed transitions from the low-lying levels to the sextet and quartet odd parity levels with energies below 1.789 Ry, the rate coefficients should also be of the same accuracy since resonances are relatively less important and the collision strengths are large and dominated by the higher partial waves, as seen from Fig. 2 . For the forbidden (and intercombination) transitions from the low-lying levels to intermediate energy levels, up to the 4 F
• J levels, and transitions between these intermediate-energy levels, the accuracy of the rate coefficients is expected to be less, ≈ 30 − 50%. For transitions corresponding to the high-lying levels with threshold energies greater than 1.789 Ry, the uncertainty could exceed 50% since a coarse energy mesh was used and the resonances and coupling effects due to higher terms were neglected. We would also emphasize here that for all transitions the maxwellian-averaged collision strengths for high temperatures (roughly larger than the highest threshold energy included in the target expansion, about 300 000 K in the present case) could have a larger uncertainty, since resonances due to higher target states are not included. However, data for these temperatures are of little astrophysical interest. These general criteria should apply to all our earlier publications in this series.
We hope the present work will provide a reasonably complete collisional dataset for extensive astrophysical diagnostics using Fe IV spectra from various sources.
